. The physiological function of NO/NOrelated species in these sensory neurons is not known. The Cardiovascular Center The University of Iowa College of Medicine A recent study from our laboratory demonstrated that NO donors injected into the isolated carotid sinus of Iowa City, Iowa 52242 § The Veterans Affairs Medical Center rabbits decrease the action potential frequency of baroreceptor fibers (Matsuda et al., 1995) . These studies Iowa City, Iowa 52246 suggest that endogenous NO/NO-related activity may influence baroreceptor function by modulating the membrane properties of baroreceptors. Since opening of Na ϩ Summary channels is crucial for generation of action potentials, we tested the hypothesis that NO/NO-related species Arterial baroreceptors are mechanosensitive nerve inhibit the Na ϩ current (I Na ) of baroreceptor neurons. endings in the aortic arch and carotid sinus that play Aortic baroreceptor neurons in nodose ganglia were a critical role in acute regulation of arterial blood preslabeled in vivo with the fluorescent dye 1,1Ј-dioleylsure. A previous study has shown that nitric oxide 3,3,3,Ј3Ј-tetramethylindo-carbocyanine methane sulfo-(NO) or NO-related species suppress action potential nate (DiI) (Honig and Hume, 1989 Ikeda and Schofield, 1987). The specific aims of diethyldithiocarbamate) increased Na ؉ currents bethe present study were (1) to characterize I Na -s and fore but not after inhibition of NO synthase. Further-I Na -i in isolated baroreceptor neurons maintained in culmore, NO production in the neuronal cultures was deture, (2) to determine the effects of NO on both I Na -s tected by chemiluminescence and immunoreactivity and I Na -i and the mechanism of its action, and (3) to to the neuronal isoform of NO synthase was identified investigate whether endogenous NO is produced and in fluorescently identified baroreceptor neurons. These whether it tonically influences the INa. The results demonresults indicate that NO/NO-related species function strate that endogenous as well as exogenous NO/NOas autocrine regulators of Na ؉ currents in baroreceprelated species modulate both INa-s and INa-i in baroretor neurons. Modulation of Na ؉ channels may repreceptor neurons in a negative manner. sent a novel response to NO.
Introduction Results
Arterial baroreceptors are mechanosensitive nerve ter-I Na -s and I Na -i in Baroreceptor Neurons minals located in adventitia of aortic arch and carotid
Stepwise depolarization of baroreceptor neurons from sinuses. Baroreceptors are activated by vascular stretch a holding potential of Ϫ60 mV to test potentials between during increases in arterial pressure and play a crucial Ϫ50 and 50 mV elicited inward I Na that could be differentirole in acute regulation of the cardiovascular system ated by its sensitivity to TTX. In 37.3% (25/67) of barore- (Kirchheim, 1976; Brown, 1980) . The sensitivity of baroceptor neurons, I Na was exquisitely sensitive to TTX with receptors to changes in arterial pressure is modulated 50% inhibition of the I Na by 3.4 nM TTX and complete by paracrine factors (Chen et al., 1990; Chapleau et al., blockade by 3 M TTX. Thus, these neurons contained 1991).
only I Na-s. Conversely, in 11.9% (8/67) of baroreceptor Nitric oxide (NO) is a potent vasodilator released from neurons, I Na was not altered by 3-10 M TTX. Thus, these vascular endothelial cells in response to shear stress neurons contained only I Na-i. In the remaining 50.8% (34/ and various chemical factors (Moncada and Higgs, 67) of baroreceptor neurons, TTX (3 M) decreased I Na 1991). Subsequent studies have demonstrated that NO by a variable degree (Figure 1 ). Thus, these baroreceptor is produced by various cells including certain types of neurons contained both I Na -s and I Na -i. neurons (Moncada and Higgs, 1991; Bredt and Snyder, The two types of I Na differed markedly in kinetics and 1992). The neuronal isoform of NO synthase (nNOS) has in the steady-state voltage dependence of activation and inactivation. I Na -s activated and decayed rapidly in response to a depolarizing voltage step ( Figure 1A) . In
To whom correspondence should be addressed. Neuron A (top traces) is TTX sensitive and neuron B (bottom traces) is predominantly TTX insensitive. Whole-cell current (I Na ) was elicited by stepwise depolarization from a holding potential of Ϫ60 mV in 10 mV increments before TTX (ϪTTX) and after 3 M TTX (ϩTTX). Addition of TTX to the bath solution abolished I Na in baroreceptor neuron A but only minimally reduced I Na in baroreceptor neuron B.
contrast, the time course of inactivation of INa-i was much was significantly shifted in the hyperpolarized direction, accompanied by a decreased slope of the inactivation slower ( Figure 1B ; see Table 1 for time constants of current decay). Furthermore, there was a significant difcurves (p Ͻ 0.05; Figure 2 and Table 1 ). Similar to the effects of papa-NONOate, another NO ference between INa-s and INa-i in the steady-state voltage dependence of activation and inactivation (Table 1 donor, S-nitrosocysteine, as well as NO dissolved in the bath solution, also inhibited both I Na -s and I Na -i in and Figure 2 ). These voltage-dependent properties of I Na -i occurred at significantly more depolarized voltages baroreceptor neurons. S-nitrosocysteine (0.1-0.5 mM, n ϭ 8) and NO (Ͻ0.1 mM, n ϭ 4) decreased I Na to 59% Ϯ compared with those of I Na -s as indicated by large differences in the voltages at half-maximal activation and 7% and 75% Ϯ 5% of control, respectively. The effect of NO donors on I Na was abolished by the NO scavenger inactivation (V 1/2 ) ( Figure 2 and Table 1). hemoglobin (data not shown).
To determine if the inhibition of I Na by NO donors was Effects of NO Donors on I Na -s and I Na -i Exposure of baroreceptor neurons to the NO donor mediated by cGMP and cGMP-dependent protein kinase, we performed two sets of experiments. In the first papa-NONOate inhibited both INa-s and INa-i of baroreceptor neurons (Figure 3 ). The inhibitory effect of papaset, we exposed the cultured neurons to the membranepermeable cGMP analog 8-bromo-cGMP ( Figure 5A ). NONOate on INa-s and INa-i was equivalent ( Figure 3 ) and dose dependent with an IC50 equal to 0.40 mM ( Figure  8 -bromo-cGMP (2 mM) for up to 10 min did not alter INa in three of three baroreceptor neurons. In the second set 4). The inhibition of INa was not associated with any significant change in current kinetics (Figure 3 and Table  of experiments, a peptide inhibitor selective for cGMPdependent protein kinase (cG-PKI, 360 M; Colbran et 1) or in steady-state voltage dependence of activation ( Figure 2A and Table 1 ). However, the steady-state voltal., 1992) was included in the intracellular solution. Under these conditions, papa-NONOate (1 mM) still inhibited age dependence of inactivation for both I Na -s and I Na -i 
The activation curves for both I Na -s and I Na -i were not significantly changed by 1 mM papaNONOate. (See Table 1 for values of V 1/2 and k.) (B) Steady-state voltage dependent inactivation was determined by a double-pulse voltage protocol consisting of a 500 ms prepulse at various potentials ranging from Ϫ120 to 10 mV followed by a 20 ms test pulse to 0 mV for I Na-s and to 10 mV for INa-i. The inactivation curves were constructed from currents at the corresponding prepulse voltages and fit to the Boltzmann function:
The inactivation curves were significantly shifted by 1 mM papa-NONOate in the hyperpolarizing direction with increased slope factor (k) for both I Na-s and INa-i. (See Table 1 for values of V1/2 and k).
the INa to 73% Ϯ 7% of control (n ϭ 4, p Ͻ 0.05; Figure  L -nitro-arginine to the bath solution, which did not contain L-arginine. L-nitro-arginine (0.1-0.4 mM) increased 5B), a magnitude of inhibition similar to that observed in the absence of cG-PKI.
the basal level of INa by 12% Ϯ 3% (n ϭ 4, p Ͻ 0.05). The increase of INa induced by L-nitro-arginine was reChemical modification of the sulfhydryl groups, known as S-nitrosylation, has been proposed to mediate the versed by addition of 1-4 mM L-arginine (Ϫ9% Ϯ 4% of the control, n ϭ 4, p Ͻ 0.05). In another approach, actions of NO/NO-related species in many tissues (Bolotina et al., 1994; Broillett and Firestein, 1996; we treated the nodose neurons overnight with L-nitroet al., 1996; Stamler et al., 1997) . The alkylating agent arginine (0.5 mM) added to the culture medium, and N-ethylmaleimide (NEM) covalently modifies sulfhydryl L-nitro-arginine (0.5 mM) was also included in the bath groups and consequently prevents S-nitrosylation. To and pipette solutions during recording of the INa. In the determine if inhibition of I Na of baroreceptor neurons by presence of L-nitro-arginine, hemoglobin no longer in-NO donors was caused by S-nitrosylation, we added creased I Na (n ϭ 4; Figure 7 ). NEM to the bath solution prior to exposure of the neurons to papa-NONOate. NEM (2-5 mM) alone did not alter INa (Figure 6 ). However, the inhibitory effect of papaEndogenous NO Production NONOate on INa was abolished after the neurons had from Nodose Neurons been treated with NEM (n ϭ 5; Figure 6 ).
We next examined whether nNOS is present in baroreceptor neurons and whether NO is produced by the neurons maintained in culture. Using immunocytochemEffects of NOS Inhibitor and NO ical staining, we identified positive immunoreactivity for Scavengers on I Na nNOS in a subpopulation of nodose neurons including The NO scavenger hemoglobin (5 M) not only prethe DiI-labeled baroreceptor neurons (Figure 8 ). Furthervented the NO donor-induced inhibition of INa but also more, we detected and measured NO production from increased the INa in baroreceptor neurons by 16% Ϯ 2% the nodose neurons using chemiluminescence assay (n ϭ 9, p Ͻ 0.05; Figure 7 ). Ferrous diethyldithiocarba-( Figure 9 ). The chemiluminescence signal was abolished mate (FeDETC, 0.5 M), another NO scavenger that is when the head space gas sampled from above the neuchemically different from hemoglobin (Vedernikov et al., rons was bubbled through a solution containing 1 mM 1992), also increased I Na (n ϭ 5, p Ͻ 0.05; Figure 7 ), hemoglobin. Neurons placed in the neuronal culture mewhereas FeDETC presaturated with NO had no effect dium (n ϭ 2) and in the recording bath solution (n ϭ 2) (data not shown). These observations suggest that NO generated equivalent amounts of NO. Treatment of the produced endogenously by nodose neurons tonically neurons with L-nitro-arginine (0.5 mM) markedly inhibinhibits I Na . To determine the effect of acute inhibition of NOS on I Na , we added an inhibitor of NO synthase ited NO production ( Figure 9 ). (B, Right) shows the I-V relationship for I Na-i obtained before and during exposure of the neurons to 1 mM papa-NONOate. PapaNONOate decreased the peak current elicited by a depolarizing pulse from Ϫ60 to 10 mV by 30% Ϯ 3% (n ϭ 7, p Ͻ 0.01). et al., 1997) . Electrophysiological and chemoreceptive properties of acutely dissociated nodose neurons are very similar to those observed of the nodose neurons The major findings of this study are: (1) INa-s and INa-i, which differ in kinetics and voltage-dependence of actiin intact ganglia (Ikeda et al., 1986; Leal-Cardoso et al., 1993) . Many ligand-binding receptors and ion channels vation and inactivation, are differentially expressed in subpopulations of baroreceptor neurons; (2) NO/NOpresent on the membrane of the cell soma are also present in their nerve terminals (Higashi, 1986 ; Harper, related species inhibit both INa-s and INa-i associated with a shift of the steady-state voltage dependence of 1991; Matsumura et al., 1995) . I Na is present in sensory nerve terminals (e.g., baroreceptors) as well as in the inactivation in the hyperpolarized direction; (3) inhibition of the I Na is independent of cGMP but involves nitrosylaneuronal soma (Yoshida, 1994; Andresen et al., 1994) . Similarly, NOS is present in afferent baroreceptor fibers tion of sulfhydryl groups; and (4) nNOS is expressed in a subpopulation of baroreceptor neurons, and NO is innervating the carotid sinus (Aimi et al., 1991; Tanaka and Chiba, 1994; Hohler et al., 1994; Dun et al., 1995) produced endogenously, which tonically inhibits the I Na . In the Discussion, we address (1) experimental approach as well as in the cell soma of nodose ganglia. Therefore, we believe that studies conducted on the cell soma can and physiological relevance, (2) functional significance of differential expression of INa-s and INa-i in sensory provide insight into the function of the sensory nerve terminals. Inhibition of INa by NO/NO-related species neurons, and (3) the effects of endogenous and exogenous NO/NO related species on ion channels and the demonstrated in the present study may account for the NO-induced inhibition of action potential discharge from mechanisms of their action.
Discussion
baroreceptors demonstrated previously in vivo (Matsuda et al., 1995 (Krauhs, 1979; Brown, 1980) . To circumvent this diffiand Snyder, 1992) . We speculate that Ca 2ϩ influx into nerve terminals during activation of baroreceptors may culty, we isolated the sensory neurons and maintained them in culture as a cellular model to study the function activate nNOS and the subsequent increase of NO formation may inhibit the Na ϩ channels and action potential of arterial baroreceptors (Cunningham et al., 1995 ; Li properties of the two types of sensory neurons (Belmonte and Gallego, 1983; Schild et al., 1994) . The activity of myelinated baroreceptor fibers is exquisitely sensitive to TTX administered in the isolated aortic arch (Andresen et al., 1994) .
TTX-sensitive Na ϩ channels are blocked by nanomolar concentrations of TTX and are ubiquitously expressed in the central and peripheral nervous systems and in mature skeletal muscle, emphasizing their general role in generation and conduction of action potentials (Narahashi et al., 1964; Catterall, 1992) . The Na ϩ channels in cardiac myocytes are resistant to TTX, requiring 0.1-10 M TTX to block the channels (Brown et al., 1981; Rogart et al., 1989) .
In contrast, TTX-insensitive Na ϩ channels are not blocked by TTX at concentrations as high as 10-100 M, possess slower kinetics of activation and inactivation, and require more depolarization for activation and Bossu and Feltz, 1984; Ikeda et al., 1986;  The graph plots the inhibition of whole-cell I Na recorded in the pres- Ikeda and Schofield, 1987; Elliott and Elliott, 1993) . tion of peripheral sensory neurons in dorsal root ganglia (Elliott and Elliott, 1993; Akopian et al., 1996; Sangameswaran et al., 1996) , nodose ganglia (Baccaglini discharge in an autocrine negative feedback manner.
and Cooper, 1982; Bossu and Feltz, 1984 ; Ikeda et al., Inhibition of Na ϩ channels may also represent a novel 1986; Ikeda and Schofield, 1987), and petrosal ganglia mechanism of NO actions in other biological systems.
( Belmonte and Gallego, 1983; Stea and Nurse, 1992) . TTX-insensitive Na ϩ channels are present in the sensory I Na -s and I Na -i in Sensory Neurons nerve terminals as well as in the cell soma of C-type Nodose and petrosal sensory neurons are separated sensory neurons (Jeftinija, 1994; Borovikova et al., 1997) . by electrophysiological properties into A-type or C-type Selective expression of TTX-insensitive Na ϩ channels neurons that connect in vivo to myelinated and nonmyin C-type afferent nerves suggests that they may play elinated afferent fibers, respectively (Belmonte and Gala specialized role in sensory transduction. For example, lego, 1983; Schild et al., 1994) . The A-type neurons have hyperalgesic chemical agents increase INa-i in nocicepa lower threshold of activation, shorter action potential tor neurons (Gold et al., 1996) . In addition, expression duration, and higher spike firing frequency compared of I Na -i may determine action potential duration and spike with the C-type neurons. Selective expression of INa-s frequency adaptation of sensory neurons (Schild and and I Na -i in A-type and C-type neurons, respectively, Kunze, 1995, Soc. Neurosci., abstract; Krylov et al., 1995) . accounts in part for the different electrophysiological 
Effects of NO on Ion Channels and
channels, and the N-methyl-D-aspartate (NMDA) receptor/channel complex (Fagni and Bockaert, 1996 (Khurana and Bennett, 1993) . NO donors guanylate cyclase inhibitors (Matsuda et al., 1995) . To have dual effects on voltage-dependent Ca 2ϩ channels our knowledge, the consensus sequence for phosphoryin cardiac myocytes, an inhibitory effect that is cGMPlation by cGMP-dependent protein kinase has not been dependent (Wahler and Dollinger, 1995; Campbell et al., reported for Na ϩ channels. These results all suggest 1996) and a stimulating effect mediated by peroxynitritethat NO/NO-related species modulate baroreceptor I Na induced thiol oxidation of the channels (Campbell et al., and activity by a cGMP-independent mechanism. The 1996).
finding that the sulfhydryl-modifying agent NEM abolThe present study provides evidence that NO/NOished NO-induced inhibition of I Na strongly suggests that related species affect voltage-activated I Na. Inhibition of the inhibition is mediated by S-nitrosylation. The peak the current was not accompanied by any significant inhibitory effect on Na ϩ currents occurred within minchanges in the current kinetics or steady-state voltage utes upon exposure of the neurons to papa-NONOate dependent activation. However, the steady-state voltand may reflect the time required for the NO/thiol reacage-dependent inactivation for both I Na-s and INa-i were tions. In addition, the time taken in exchange of bath shifted by 5-7 mV in the hyperpolarized direction along solutions and the time necessary for NO release from with a decreased slope (Figure 2 ). The differences in papa-NONOate (t 1/2 of 77 min) may also contribute to voltage-dependent inactivation curves between I Na-s the time to reach the peak response. Given the fact that and I Na-i indicate that a leftward shift of the curves by NO is produced by nodose neurons, S-nitrosocysteine papa-NONOate would decrease the peak I Na -s elicited or S-nitrosothiols are likely formed endogenously. from Ϫ60 mV by ‫,%02ف‬ half of the inhibitory effect of Previous studies have revealed that certain thiol sites papa-NONOate, but a similar shift accounts for only a are selective bioregulatory targets for NO/NO-related ‫%4ف‬ decrease of the peak I Na -i elicited from the holding species. Many protein targets of S-nitrosylation contain potential of Ϫ60 mV. Hence, additional factors, i.e., dea consensus nitrosylation motif consisting of a cysteine creases in the number of functional channels, channel (C) flanked by charged amino acids ([K,R,H,D,E]C[D,E]) open probability, and/or single channel conductance, (Stamler et al., 1997) . We examined the primary structure must be operative to account for the inhibitory effects of nine Na ϩ channels isolated from rats including three of papa-NONOate on I Na .
types of Na ϩ channels from brain: rBI, rBII (Noda et al. , NO may exert biological effects through generation 1986), and rBIII (Kayano et al., 1988) ; two types of Na ϩ of cGMP (Moncada and Higgs, 1991; Archer et al., 1994) channels in skeletal muscle: rSkM1 or 1 (Trimmer et and/or through mechanisms independent of cGMP.
al., 1989) and rSkM2 (Kallen et al., 1990) ; TTX-resistant One common cGMP-independent mechanism involves Na ϩ channel from heart: rH1 (Rogart et al., 1989) ; and S-nitrosylation; that is, NO covalently reacts with susthree types of Na ϩ channels from peripheral neurons: ceptible thiol groups to form S-nitrosothiols that modify the protein function (Jia et al., 1996; Stamler et al., 1997) .
the TTX-sensitive Na ϩ channel PN1 (Toledo-Aral et al., Figure 9 . Measurement of NO Produced by Nodose Neurons (A) NO chemiluminescence signals in control condition and after passing the gas sample through 1 mM hemoglobin solution. Cells were dissociated from eight rat nodose ganglia and incubated in the modified L-15 neuronal culture medium in sealed incubation tubes for 50 min. The NO that accumulated in the head space and liquid phase was purged with a stream of nitrogen gas and transported into a NO chemiluminescence analyzer. The arrow indicates the initiation of gas sampling. The same cells and incubation time (50 min) were used in control and in the presence of 1 mM reduced hemoglobin interfaced in the sampling line between the head space and the NO analyzer. The NO analyzer was initially calibrated using known NO gas concentrations. The chemiluminescence signal represents NO as confirmed by loss of the signal in the presence of hemoglobin. The bar graphs show the amount of NO in picomoles measured by integrating the area under the chemiluminescence curves.
(B) NO chemiluminescence signals in control condition and after incubation of cells for 60 min in the presence of the NOS inhibitor L-nitroarginine (0.5 mM). L-nitro-arginine markedly decreased NO production. The bar graph shows the averaged group data (n ϭ 3). Neurons were dissociated from six nodose ganglia. mg/0.5 ml methanol) was injected onto the adventitia of aortic arch 1997), the TTX-insensitive Na ϩ channel PN3 (Sangawith a fine-tipped glass pipette. The lipophilic dye incorporates into meswaran et al., 1996) , and the Na ϩ channel SCP6 nerve endings and diffuses throughout the cell membrane without (Schaller et al., 1995) . Each of the Na ϩ channels contains transfer to adjacent cells (Honig and Hume, 1989) . After DiI applica-33-40 cysteine residues with 10-12 of the cysteine resition, the surgical incision was closed, negative intrathoracic presdues in the membrane-spanning domains. The prosure was reestablished, and the animals were allowed to recover.
posed S-nitrosylation full consensus motif ([K,R,H,D or E]C[D or E]) is present in each of the three Na ϩ channels
Cell Dissociation and Culture expressed in sensory neurons (PN1, PN2, and SCP6)
After application of DiI, at least 1 week was allowed for the dye to diffuse to the cell soma of aortic baroreceptor neurons in nodose and in rBII and rSkM2 but is not present in rBI or rSkM1.
ganglia (Cunningham et al., 1995; Li et al., 1997) . Rats were anesthe-
Only a partial motif (C[D] or C[E]) is present in rBIII and
tized and decapitated, and nodose ganglia were quickly removed.
rH1. The presence of the consensus motives in Na ϩ
The nodose tissue was minced with micro-scissors and digested channels may confer NO responsiveness and specificin modified (Leibovitz) L-15 culture media containing collagenase ity. Identification of these motives may provide a ratio-(type Ia, 1 mg/ml), trypsin (type III, 1 mg/ml), and DNase (type IV, nale for site-directed mutagenesis to obtain insight into 0.1 mg/ml) at 37ЊC for 50 min (Ikeda et al., 1986; Li et al., 1997) . The chemical digestion was terminated by adding soybean trypsin the molecular mechanism of NO action.
inhibitor (2 mg/ml) and bovine serum albumin (1 mg/ml). The digested tissue fragments were gently triturated and centrifuged at Experimental Procedures 800 rpm for 5 min. The neurons were resuspended in modified L-15 media supplemented with 5% rat serum and 2% chick embryo Labeling of Aortic Baroreceptor Neurons in Rats extract (Life Technologies, NY) and plated onto poly-L-lysine-coated In rats, the aortic depressor nerves innervating the aortic arch conglass coverslips. Neurons in culture were kept at 37ЊC in an incubator tain baroreceptor but not chemoreceptor afferent fibers (Sapru et and studied within 24 hr of dissociation. DiI-labeled baroreceptor al., 1981) . This anatomic feature enables selective labeling of the neurons were identified by red-orange color with appropriate fluoaortic baroreceptor neurons in nodose ganglia with a retrogradely rescent filters (Nikon G-1A combination with excitation filter 546 Ϯ transported fluorescent dye, DiI (Molecular Probes, Eugene, OR).
5 nm, a dichroic mirror 580 nm, and emission barrier filter 580 nm) Briefly, adult Sprague-Dawley rats were anesthetized with ketamine (Fryer, Chicago, IL). DiI does not adversely affect cell viability or (91 mg/kg, intraperitoneally) and acepromazine (1.8 mg/kg, intrapermembrane properties with short periods of illumination for cell idenitoneally) and mechanically ventilated. A right thoracotomy was performed under sterile conditions. One to two microliters of DiI (25 tification (Honig and Hume, 1989) .
Solutions and Chemicals mM) was prepared from equimolar FeCl2 and diethyldithiocarbamate (DETC) dissolved in ethanol. The NO adduct NO-FeDETC was preFor experiments in which I Na was measured, the pipette solution contained (in mM): 100 20 CsCl, 5 NaCl, 2.3 CaCl 2,  pared by mixing NO gas with deoxygenated FeDETC solution for 5 min and then removing the excess NO with nitrogen. 4.8 MgCl 2 , 10 EGTA, 10 HEPES, 4.0 Mg-ATP, and 0.5 Na-GTP. The pH was adjusted to 7.2 with 1 M CsOH. The bath solution typically contained (in mM): 20 NaCl, 100 N-methyl-D-glucamine, 40 tetraethImmunocytochemical Detection of NOS Nodose ganglia were removed from rats in which aortic barorecepylammonium chloride, 0.05 CaCl 2, 3.0 MgCl2, 10 HEPES, and 5.5 D-glucose. The pH was adjusted to 7.4 with N-methyl-D-glucamine. tor neurons were previously labeled with DiI. Nodose neurons were dissociated, plated onto poly-L-lysine-coated coverslips, and placed in Osmolarity of the solutions was measured with a freezing point depression osmometer (Osmette, Precision Systems, Natick, MA) ice-cold 4% paraformaldehyde solution (0.1 M phosphate buffered saline [PBS]) for 10 min. The fixed cells were rinsed twice in PBS and adjusted to 300 Ϯ 5 mOsmol/l with mannitol. We routinely waited for 5-10 min after establishing the whole-cell recording configuration and exposed to 0.02% nonylphenoxypolyethoxyethanol (NP40) for 10 min. The cells were then exposed to 5% normal goat serum for to ensure a stable membrane conductance. The bath solution in the recording chamber was exchanged when desired with a direct 30 min to block nonspecific staining and then to a polyclonal rabbit antibody to nNOS (1 g/ml, Transduction Laboratories, Lexington, current-driven dual-channel pump (Model 700, Instech Laboratory, Plymouth, PA). All chemicals were purchased from Sigma Chemical KY) for 60 min at 37ЊC. The cells were washed twice with PBS and incubated with the secondary antibody fluorescein isothiocyanate (St. Louis, MO) unless noted otherwise. cG-PKI, a selective inhibitor of cGMP-dependent protein kinase, (68 M; Colbran et al., 1992) , (FITC) conjugated goat anti-rabbit IgG (1:300 dilution, Sigma Chemical) for 60 min at 37ЊC. The cells were then washed twice with PBS was purchased from Promega (Madison, WI). cG-PKI was dissolved in the pipette solution for intracellular application at a final concenand coverslipped with Vectorshield (Vector Laboratories, Burlingame, CA). tration of 360 M. TTX was dissolved in distilled water, and aliquots were stored at Ϫ20ЊC until used. All experiments were performed at room temperature (21ЊC-23ЊC).
Measurement of NO Produced by Nodose Neurons
Dissociated nodose neurons were suspended in either L-15 neuronal culture medium or bath solution in airtight glass tubes and Whole-Cell Current Recordings and Data Analysis incubated for 50-60 min at room temperature. The NO that accumuNeurons attached to coverslips were transferred into a 0.5 ml related in the closed tubes during the incubation period was measured cording chamber on the stage of an inverted microscope (Nikon, by purging the tubes with a stream of nitrogen gas leading to an Diaphot), and DiI-labeled baroreceptor neurons were identified by NO chemiluminescence analyzer (Myers et al., 1990 All data are expressed as mean Ϯ SEM (n), where n refers to the City, CA). Patch pipettes were pulled from thin-walled borosilicate number of cells studied. The t test was used to compare the data glass (TW150-4, World Precision Instruments, Sarasota, FL) and obtained before and after intervention, and a one-way ANOVA folhad tip resistances of 1-3 M⍀. A reference electrode was connected lowed by contrast testing was used to compare the data from multithrough an Ag-AgCl pellet to the bath solution via a 3 M KCl agar ple groups. Statistical significance was determined at p Ͻ 0.05. bridge. The offset potential between the pipette and bath solutions was zeroed prior to seal formation. The liquid junction potential Acknowledgments between pipette and bath solutions was Ͻ3 mV and was not corrected. After a 2-20 G⍀ seal was formed between the pipette elecWe thank Carol A. Whiteis for DiI labeling and dissociation of rat trode and the cell membrane, the whole-cell recording configuration nodose neurons and Silvana Meyrelles for performing the immunowas established by applying suction. Whole-cell current was filtered cytochemical staining. This work was supported by research funds at 2 kHz with a 4-pole Bessel filter and digitized using a 12-bit from the National Heart, Lung, and Blood Institute of the National analog-to-digital interface (Digidata 1200, Axon Instruments). VoltInstitutes of Health (Grant HL14388), the Department of Veterans age protocols, data acquisition, and analysis were accomplished Affairs, and the Iowa Affiliate of the American Heart Association. using pClamp software (Versions 5.7.1 and 6.02, Axon Instruments), and data were stored in a Gateway computer for later analysis. The Received September 15, 1997; revised February 11, 1998 . pipette and series resistance and capacitance were compensated by more than 90% and checked during experiments for stability. References The leak and residual capacitive currents were digitally subtracted online using the P/N protocol built in the pClamp program. WholeAimi, Y., Fujimura, M., Vincent, S.R., and Kimura, H. (1991) . Localizacell I Na was elicited by stepwise depolarizing voltages from a holding tion of NADPH-diaphorase-containing neurons in sensory ganglia potential of Ϫ60 mV in 10 mV increments. The conductance-voltage of the rat. J. Comp. Neurol. 306, 382-392. (G-V) relation was calculated from the current-voltage relation according to G ϭ I/(V Ϫ V r), where I is peak INa at voltage (V), and Akopian, A.N., Sivilotti, L., and Wood, J.N. (1996) . A tetrodotoxinVr is the current reversal potential in the linear portion of the I-V resistant voltage-gated sodium channel expressed by sensory neurelationship. The steady-state voltage dependent inactivation curve rons. Nature 379, 257-262. was constructed with a two-pulse protocol composed of a series of Andresen, M.C., Brodwick, M., and Yang, M. (1994) . Contrasting 500 ms prepulses ranging from Ϫ120 to 10 mV in 10 mV increments actions of cocaine, local anaesthetic and tetrodotoxin on discharge followed by a test pulse to elicit the peak INa. The INa was normalized properties of rat aortic baroreceptors. J. Physiol. 477, 309-319. to the maximum current (I/I max) and plotted against prepulse voltage.
Archer, S.L., Huang, J.M., Hampl, V., Nelson, D.P., Shultz, P.J., and Weir, E.K. (1994) . Nitric oxide and cGMP cause vasorelaxation by Preparation of NO Donors and NO Scavengers activation of a charybdotoxin-sensitive K channel by cGMP-depenThe study used a commercially available NO donor papa-NONOate dent protein kinase. Proc. Natl. Acad. Sci. USA 91, 7583-7587. (Alexis Biochemicals, San Diego, CA), which has a half-life of 76.6
Baccaglini, P.I., and Cooper, E. (1982) . Electrophysiological studies min in aqueous solutions at pH 7.4 and 22ЊC (Hrabie et al., 1993) .
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